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Introduction
The organometallic chemistry of the early actinides has seen rich growth in recent times. [1] [2] [3] [4] [5] However, compared to the d-block, the study of arene complexes of the f-block is still in its infancy. We recently reported the spontaneous reduction of arenes mediated by the disproportionation of two U III centres to yield the uranium-arene complexes [{X 2 U}(m-C 6 H 5 R)] (X ¼ N(SiMe 3 ) 2 or OAr, R ¼ H, Me, SiH 3 , Ph, BBN). 6 In this type of arene compound, the actinide-to-ligand back donation from molecular orbitals with d-symmetry is becoming recognised as a major component of the bonding. [7] [8] [9] [10] [11] [12] [13] [14] These 'soer' d-interactions between the metal and ligand provide an important opportunity to probe covalency in actinide bonding, which has implications in the separation of the transuranics and lanthanides from the early actinides in nuclear waste. [15] [16] [17] [18] [19] Organothorium complexes exhibiting arene interactions are even rarer, with only a few complexes reported, for example [Li(DME) 3 With this precedent we anticipated that the conformational exibility of this ligand would enable the study of An-arene interactions in a well-dened macrocyclic environment. Herein, we report the syntheses of new uranium(III), uranium(IV) and thorium(IV) complexes of L, that display unusual and new binding modes of the ligand in mono and dinuclear conformations. We demonstrate the suitability of (L) 2À for the stabilisation of both mono and dinuclear complexes of U III that display a preference for bis(arene) sandwich-type coordination. We also demonstrate facile double aryl metallation on thorium to form complexes with new and robust Th-C bonds.
Results and discussion
The trans-calix[2]benzene[2]pyrrole (H 2 L), was synthesised according to the literature procedure, 38 and was deprotonated in situ with KH to yield the potassium salt K 2 L. The reaction between K 2 L and equimolar AnX 4 
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The distances to the ipso-carbons of the rings (Th1-C9, 3.024(2)Å, Th1-C29, 3.017(2)Å; U1-C9, 3.045(5)Å and U1-C29, 3.022(5)Å) are too long to suggest an agostic interaction. 42 The ligand binding in 1 and 2 contrasts to that seen in the Sm The C-C(aryl) distances (range 1.360(11)-1.413(10)Å in 3) are unchanged from 2 or benzene (average 1.40Å).
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Interestingly, the loss of coordinated THF from 3 to form 3a results in a signicant shortening of U-L bonds, for example U1-N1 contracts from 2.530(6) to 2.468(10)Å and the lengthening of some of the arene C-C bonds in 3a (C-C 1.382 (19) The use of toluene as a solvent for UI 3 reaction chemistry can result in decreased product yields due to the formation of insoluble aggregates. 52, 53 However, it is necessary in our case to prevent a solvent-dependent equilibrium between 3 and UI 3 
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In order to probe the electronic structure and bonding in 3a and 4 we turned to quantum chemistry in the form of hybrid density functional theory (PBE0). Geometry optimisations proceeded smoothly to yield structures in excellent agreement with those found by X-ray crystallography: e.g. for 3a (C 1 symmetry) The valence molecular orbital structure of 4 is presented in Fig. 5 . The increased number of metal and halogen atoms yields a more crowded valence region, but the character of the orbitals can once again be discerned. The principal difference between Fig. 4 and Fig. 5 is the energy of the pyrrolide p orbitals; in 3a they are less stable than the iodide p-based MOs whereas in 4 the opposite is true; the energies of the iodide p-based levels are approximately the same in the two systems, whereas the pyrrolide p orbitals are ca. 2 eV more stable in 4 than 3a. Table 1 contains the average uranium atomic orbital contribution to the I p-based and U-arene d bonding orbitals of 3a and 4. Although arguably a rather crude measure, these data indicate slightly larger metal contributions to the orbitals of 4 vs. their 3a analogues, suggestive of enhanced covalency in the former. § Single point calculations on (L) 2À in its geometry in 3a and 4 reveal that it is 58.8 kJ mol À1 more stable in the former (at the SCF level). In both cases the four highest occupied MOs are the pyrrolide p levels which contribute to Fig. 4 and 5, and these are slightly more stable in (L) 2À in its 3a geometry than in that of 4 (e.g. the HOMO of (L) 2À //3a is 35.2 kJ mol À1 more stable than the HOMO of (L) 2À //4). Clearly, however, this situation is reversed when the macrocycle incorporates uranium -as noted above, the pyrrolide p-based orbitals are about 2 eV (ca. 200 kJ mol À1 ) more stable in 4 than 3a. The explanation almost certainly lies in the extent to which the uranium atomic orbitals are mixed into the pyrrolide levels. A good comparison is MO 139 of 3a (Fig. 4) with MO 151 of 4 (Fig. 5) ; the former has a very minor (4%) non-bonding 5f contribution whereas the latter features 15% uranium 6d character in what is clearly a metalpyrrolide d bonding interaction. We can therefore conclude that at least part of the driving force for the macrocycle to adopt the more constrained geometry in 4 than in 3a is the covalent bonding it gains with U2 in the former. Tables containing the principal character and orbital contributions to the frontier MOs in 3a and 4 are included in the ESI, ‡ alongside enlarged pictures of the MOs from Fig. 4 and 5 .
The charges on the uranium atoms in 3a and 4 have been calculated in several different ways, and the results are collected in Table 2 . It is typically the case that there are rather large differences between the absolute values of partial atomic charges calculated in different ways, though oen the trends are similar and this is the case here. For all three charge analysis schemes, the uranium atom is most positive in 3a, while in 4, the arene-coordinated U1 is more positive than the p-pyrrolide coordinated U2. These data support the MO composition analysis described above; a higher partial charge is associated with less covalency, and hence we conclude that the bonding in 4 is more covalent than in 3a. Within 4 the lower charge on U2 suggests this atom is, overall, more covalently bonded than U1.
A less traditional approach, certainly within f element systems, to assessing the relative extent of ionicity and covalency is the Quantum Theory of Atoms-in-Molecules (QTAIM) which we have recently applied to a variety of uranium compounds. [54] [55] [56] [57] [58] [59] [60] We have found the properties of bond critical points (BCPs) to be valuable additions to discussions of f element-ligand bonding, in particular the electron and energy densities. These are collated for selected BCPs of 3a and 4 in Table 3 .{ As with most BCP data for actinide compounds, the absolute values of both metrics are small, suggesting the uraniumligand bonds are largely ionic. That said, we can use these data to assess relative covalency, and can relate them to the MO and partial charge arguments developed above. This is best done for the U-I bonds (which are obviously free of the complicating effects of macrocycle rearrangement) and comparison of the U-I data in 3a with 4 suggests that the U1-I bond in 4 is very similar to that in 3a. The slightly larger (absolute) values of r and H for U2-I indicate slightly greater covalency, in agreement with the charge data in Table 2 . The k 1 U-N interaction is clearly signicantly weaker in 4 (U1-N), as the bond distance is c. 0.2Å longer than in 3a. This is reected in r and H, which are both (absolutely) smaller in 4. At the QTAIM level the differences between the k 1 and k 5 U-N interactions in 4 are comparable with the differences between U1-I and U2-I, although now U2 has the smaller BCP metrics. Also given in Table 3 are the delocalisation indices d(A,B) for the selected bonds. d (A,B) is the average number of electrons shared between atoms A and B, and is the bond order when atoms A and B are connected by a bond path, as is the case here. These data very much support the conclusions from the BCP d(A,B) for U-I in 3a and U1-I in 4 are very similar, whereas U2-I has a slightly larger d (A,B) , and the U-N bond order in 3a is larger than in 4.
It is noteworthy that QTAIM analysis does not locate a U-U bond path in 4 and hence, by the theory's rigorous denition of chemical bonding, 4 does not contain a U-U bond. This is certainly in keeping with analysis of the valence orbital structure, which nds little evidence of MOs with contributions from both uranium atoms. To a large extent, Fig. 5 suggests that the two uranium centres have independent electronic structures.
Reactivity of [ThCl 2 (L)]
The p/d-acceptor capabilities and exibility of this macrocycle led us to study the reduction chemistry of 1. Treatment of a THF solution of 1 with two equivalents of K/naphthalenide at room temperature over 16 h resulted in a colour change from yellow to red-brown and the precipitation of KCl (Scheme 6). Prompt ltration, followed by diffusion of n-hexane into the ltrate allowed analytically pure crystals of the new colourless complex 
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The molecular structures of 5 and 6 show a k 5 :h 1 :k 5 :h 1 ligand bonding mode, but with two new Th-C bonds to C9 and C29, from the double metallation of the macrocycle. The potassium counter-ion occupies the cavity subtended by the two aryl rings in both cases. Complex 5 is a chloride-bridged dimer in the solid state, whereas complex 6 exists as a Kbridged linear polymer (Fig. 7) . There is no signicant change to pyrrolide binding on metallation, but the arene cavity has expanded in 5 and 6 compared to 1; the interplanar angle between the arene rings is 20. In the reactions between 1 and either K or KN 00 , potassium cation incorporation occurs readily in the arene cavity of the macrocycle, and allows clean substitution chemistry of the halide ligands, although it also facilitates double C-H metallation of the ligand aryl groups by the Th IV centre. There is no evidence to suggest that these reactions proceed through a Th III oxidation state. 65 The inaccessibility of the Th III oxidation state (À3.0 eV vs. SHE) 66, 67 is doubtless a factor in the different reactivity of complexes 1 and 2 with reductants. 
